Monte Carlo simulation is used to study the influence of the time evolution of the target temperature on the characteristics of the laser-ablated flow. The time dependencies of the flow parameters at the border of the Knudsen layer are compared with these at the target. Moreover, the mean number of collisions and the backscattered flow are obtained for different desorption fluxes. The effect of the time evolution of the desorption flux on time-of-flight ͑TOF͒ distributions is considered, and a possible explanation of the inconsistencies that frequently appear when TOF is fitted by MaxwellBoltzmann distribution is proposed.
I. INTRODUCTION
Pulsed laser deposition ͑PLD͒ is a promising and versatile technique for the growth of thin films. 1 Several successful experimental results obtained in this field attracted the interest in understanding the basic ablation mechanisms. Theoretical investigations [2] [3] [4] showed the importance of gasphase collisions in interpreting experimentally measured time-of-flight ͑TOF͒ temperatures and angular distributions of the ablated particles. The effect of these collisions was considered 2 in terms of a Knudsen layer ͑KL͒, i.e., a layer within a few mean free paths of a target in which the nonequilibrium velocity distribution of particles is transformed into an equilibrium thermal distribution. The application of the previously developed KL analysis 5, 6 to the laser sputtering provided the explanation of the following observations: 2 ͑i͒ a shifting of the TOF spectrum to higher velocities for normal emission and to lower velocities for oblique emission, ͑ii͒ the increase in temperature with mass when several species are cosputtered, and ͑iii͒ angular distributions similar to cos 4 , where is an angle with respect to the surface normal. However, despite the success of KL theory, many experimental results are still far from being understood, in particular when one wants to fit TOF signal by MaxwellBoltzmann ͑MB͒ distribution [7] [8] [9] and to correlate the temperature and stream velocity from the fit with real physical quantities of the system. For example, a long, broad tail was frequently obtained in TOF measurements. 8, 9 Then, to fit the signal, negative stream velocities and high temperatures were sometimes required.
Note that target material is rapidly evaporated in PLD ͑typical pulse duration is less than or about 30 ns͒ and laser intensity varies during the pulse. Hence, the target temperature and the flux of particles are not constant in real experiments and depend on the laser-pulse shape and material properties. However, up to now, the KL theory was applied only to steady desorption. Time evolution of the target temperature was also disregarded in practically all attempts to fit TOF signals by MB distributions. That is why, it is of interest to reconsider under more realistic nonstationary conditions the influence of collisions on the characteristics of the flow. Here, the attention is focused on the following points: ͑i͒ how are the flow parameters at the border of Knudsen layer related to the surface parameters?, and ͑ii͒ how does the time evolution of the surface temperature influence TOF signals? To answer these questions we carried out a Monte Carlo simulation of the pulsed laser desorption and took into account the time evolution of the target temperature. Other mechanisms that can vary the laser flux, like, i.e., ion formation, absorption of the laser radiation, evaporation of diatomics and chemical reactions in the flow, were neglected in this article.
II. MODEL AND SIMULATION
In our simulation, we assumed that only atoms desorb from the irradiated surface in vacuum. The form of the laserpulse intensity I was taken as ''Gaussian.'' The attenuation of the laser beam by the plume 1 ͑plasma or debris͒ was disregarded, and thermodynamic parameters of the target material were assumed to be temperature independent. The surface temperature was calculated as a solution of the heattransfer equation:
Electronic mail: titina@irphe-lp3.univ-mrs.fr where T 0 is the initial surface temperature; A, , C p , and are, respectively, absorption coefficient, mass density, heat capacity, and thermal diffusivity. We adopted a thermal desorption mechanism, so that the initial velocity distribution is half-Maxwellian with the surface temperature T s (t). Since the desorbed current is cosine distributed, the ablated flow velocity U 0 (t)ϭV T (t)/2, where V T (t)ϭͱ8kT s (t)/m, k is a Boltzmann's constant, and m is the particle mass. The desorption flux ⌽(t) ϭn 0 (t)U 0 (t), where n 0 (t) is the density of the desorbed material immediately in front of the surface, that can be found from the Einstein's equation:
where Q is the evaporation heat ͑the lattice binding energy͒; and d is a Debye temperature. Then, the time evolution of the desorption flux can be expressed as follows:
͑3͒
To describe the flux ⌽ we introduced the dimensionless parameter Y 1 ϭQ/(kT max ), where T max is the maximum target temperature. For simplicity, the number of monolayers ͑ML͒ desorbed during the ablation process was assumed to be fixed ͑high enough to ensure the formation of KL 11, 12 ͒. Then, only the parameter Y 1 , or the evaporation barrier, determines the time evolution of the desorption flux for a given laser pulse.
Calculations were performed using DSMC method based on Bird's algorithm. 13 The simulation procedure has been described in detail elsewhere. 11, 14, 15 Briefly, the time evolution of the gas cloud is calculated by following a number of test particles (N 0 ϳ10 6 ) that undergo elastic collisions. Since near the surface the flow can be considered to be one dimensional, 11 a one-dimensional code was used. To calculate the elastic collisions, we adopted hard-sphere collision dynamics. The particles backscattered were assumed to recondense on the surface with unit probability. To obtain enough statistics, five to ten runs were performed. For all simulation results, the 95% confidence error bars are smaller than the size of the symbols. The output of the program for the constant desorption flow was in agreement with the results of Sibold et al.
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III. RESULTS AND DISCUSSION
The results presented below were obtained in the simulation, where the number of monolayers desorbed was set to be ⌰ϭ25, and the ''Gaussian'' form of the laser-pulse intensity was kept unchanged with a peak intensity at the time t 1 ϭ0.5 and with a half-width t 0 ϭ0.7. Figure 1 shows the time evolutions of the particle fluxes obtained in the simulation for two values of the parameter Y 1 . Here, J D , J B , and J N ϭJ D ϪJ B are the desorption, the backscattered, and the net fluxes, respectively. All the fluxes gradually increase until the time moment about , corresponding to a maximum surface temperature, and they decrease after that. For smaller Y 1 ͑when the evaporation barrier is smaller͒, evaporation proceeds longer, as does the backscattering process. With increasing Y 1 , desorption starts with a delay and ceases soon after the end of the laser irradiation. In addition, collisions ͑insets͒ continue to occur during a few pulse durations, and this time increases with diminishing Y 1 , since the desorption takes place for a longer time.
Note that, because of the initial boundary conditions, there is a strong thermodynamic nonequilibrium immediately near the surface. This ''nonhydrodynamic'' region is regarded 2, 5, 6 as a Knudsen layer. Under typical PLD conditions, the width L K of this layer was estimated to be about 19 mean free paths. 11, 12 This result agrees with our simulation when the evaporated flux is around its maximum. For the ''Gaussian'' laser pulse, the vapor density near the surface is so low at the beginning of the desorption, that the KL boundary tends to infinity, and one cannot speak about the Knudsen layer. The time evolutions of the number density n k and of the flow velocity U k calculated at the distance L K are presented in Figs. 2 and 3 . Note that the KL theory 5, 10 gives n k ϭ0.62n 0 and U k ϭ1.31U 0 . The simulation results show that, even if the surface temperature is assumed to be constant, the time dependencies of both n k and U k do not follow the time evolutions of these at the surface. Furthermore, for Y 1 ϭ10 the number density and the flow velocity do not drop abruptly after the end of the irradiation, but diminish rather slowly. In addition, there is a time delay between the evolutions n k (t) and n 0 (t). Because of the delay, when the desorption flux decreases, n k becomes higher than n 0 at a certain time (ϳ1.15 for Tϭconst, and ϳ1.7 for Y 1 ϭ10). Therefore, KL exists during a short time ͑smaller than the evaporation time͒, since there is a delay in its formation and KL tends to be destroyed with the decrease in the desorption flux.
As we have shown, collisions continue after KL has been destroyed. Besides, the desorption rate required for a well-developed KL is rather high ͑the threshold 11, 12 corresponds to ϳ25 ML in 30 ns͒, while for the unsteady adiabatic expansion stage 16 ͑UAE͒ the threshold 17 is about 1 ML in 20 ns. Therefore, the situation where the particles pass directly from the developed KL to the region of free expansion, is not realistic. Consequently, the KL theory is insufficient for description of the angular distributions of particles arriving at a distant detector. This theory, however, provides boundary conditions for UAE, if the desorption rate is high enough.
In typical experiments on PLD, the time evolution of the particle flux through a plane at a certain distance L from the target ͑TOF distribution͒ is measured. The simulation results for different values of Y 1 are shown in Fig. 4͑a͒ . It can be observed that the smaller the parameter Y 1 , the earlier the particles arrive at the plane. Moreover, the shape of the distribution changes, and a broad tail appears with the decrease in Y 1 . Note that Y 1 diminishes with increasing T max , or laser fluence. In a real experiment, however, the increase in laser fluence also results in an increase in the number of monolayers desorbed, and the shifting of TOF to higher velocities can be more pronounced. The change in the distribution shape results from the longer evaporation. With the increase in distance, the TOF signal becomes broader ͓Fig. 4͑b͔͒. These simulation results agree with a number of experimental findings. 1, 8, 9 TOF signal can be presented 18 as a superposition of the velocity distribution functions:
where C is a constant, ϭL/(tϪtЈ) is the axial component of the particle velocity, and
Time evolution of the number density n 0 at the laser-irradiated surface and that of n k at the distance L K from the surface; ͑a͒ the surface temperature is constant during the laser pulse; ͑b͒ the surface temperature is calculated for the Gaussian laser pulse and Y 1 ϭ10.
FIG. 3.
Time evolution of the flow velocity U 0 at the laser-irradiated surface and at the distance L K from the surface (U k ), when ͑a͒ the surface temperature is constant during the laser pulse, and ͑b͒ the surface temperature is calculated for the Gaussian laser pulse and Y 1 ϭ10. Here, V 0 ϭͱ8kT max /m is the maximum mean thermal velocity. is a Maxwellian distribution function at the local temperature T(t) superimposed on the stream velocity U(t) with the number density n(t). Because of the integration over expansion time, the signal cannot, strictly speaking, be fitted by a single MB distribution. In particular, the tail that is composed of the particles arriving at the detector later, is difficult to fit by the same function as the initial part, because these particles have smaller temperature and flow velocity. The effect is more pronounced for smaller values of Y 1 , when the desorption process continues during a longer time. As a result, when one wants to fit TOF by a single MB distribution, the value of stream velocity can be too low ͑and even negative values can appear͒, and the temperature value can be too high. This problem was reported in several TOF measurements, 1, 8, 9 where a so-called ''slow component,'' or a broad tail was observed. Nevertheless, if the evaporation process takes place during a very short time ͑as in the case of ultrashort laser pulses͒, the function n(t) can be ͑approxi-mately͒ replaced by Aϫ␦(tϪtЈ), where ␦ stands for Dirac, and A is a maximum number density. Then, Eq. ͑4͒ can be reduced to a single MB function.
IV. CONCLUSIONS
In conclusion, the results of the Monte Carlo simulation show that the time evolution of the flow parameters at the ''border'' of KL ͑at L K ϳ19 mean free paths͒ depends on the laser-pulse shape and material properties ͑e.g., the evaporation heat and the maximum surface temperature͒. The KL parameters do not exactly follow the time dependencies of these at the surface. We observed that KL exists during a time shorter than the evaporation time, since there is a time delay in the formation of this layer, and KL tends to be destroyed with the decrease in the desorption flux. It was found that, if the desorption rate is high enough for a welldeveloped KL, collisions continue after the decay of KL, and one cannot describe their effects without considering the UAE stage. Furthermore, the influence of the time evolution of the surface temperature on TOF distribution was shown. TOF signal was expressed as a time-integral of local MB distribution functions, rather than as a single MB distribution. It was demonstrated that if the desorption process takes place during a long time ͑several times longer than laser pulse duration͒, in TOF spectra a long broad tail can appear, that is difficult to fit by the same MB function as the initial part. If, on the contrary, the evaporation time is short, a single MB function can adequately fit TOF signal.
